Quantification of graphene based core/shell quantum dots from first principles X. Y. Cui Density functional calculations are performed to study the electronic structure of recently proposed graphene/graphane based core/shell quantum dots, which have a type I band alignment and exhibit quantized carrier energy levels. Strong confinement is robust with shell thickness. The bandgap, band offset, and the number of confined carrier orbitals with different size and geometry are determined. Our findings indicate that these core/shell dots are potentially well suited for the design of advanced diode lasers and room-temperature single electron devices. The proposed method to determine the number of confined orbitals is applicable for other quantum dot systems. Graphene-based quantum dots (GQDs) exhibit unique properties in connection with quantum confinement effects and are currently of intense scientific and technological interest. The electronic structures and hence properties and functionalities can be tailored by size and shape, affording the possibility of important developments, including spin qubits, 1 single electron transistors, 2,3 photovoltaics, 4-6 and light-emitting diodes. [7] [8] [9] For the most studied bare (without shell) GQDs and graphene ribbons, the optimization of device performance requires a size less than 10 nm with smooth edges (i.e., the boundary roughness is in the order of 1 nm to achieve specular scatterings 10 ), which has been proved challenging to achieve experimentally. Alternatively, the hybrid core/shell structured QDs are often chemically and thermally more stable than the corresponding bare dots. Moreover, because the shell can serve as an additional confinement potential for the carriers, core/shell QDs can exhibit stronger fluorescence quantum yield. 11 Recently, Singh et al., 12 proposed that extraction of hydrogen from graphane 13, 14 (hydrogenated graphene) naturally forms graphene/graphane core/shell QDs, in which the carriers are highly contained. It is expected that the realization of such heterostructure will yield intriguing phenomena as those in bare GQDs, as well the development of new electronic and optoelectronic devices. However, to fulfill these perspectives, it is crucial to study the electronic structure of these nanostructures, in particular, to unravel the carrier energy levels and the band alignment, as well as their correlation with the size and geometry of both core and shell regions. These targets forge the main motivation of this paper.
Density functional theory (DFT) calculations are capable to characterize the aforementioned properties. 15 The common challenge in QD simulation using DFT rests with a multitude of length scales involved and the resulting size of the system. In the present study, several factors enable a full first principles study of practical sized GQDs based on DFT: (i) the 2-dimensional geometry involved; (ii) light elements, H and C; (iii) the small electron Fermi wavelength of graphene, namely 0.74 nm. 10 According to Ref. 12, QDs with hexagonal structure with sharp interface between graphene and graphane are energetically stable. We therefore construct various QDs with diameters of core region ranging 0.3 $ 1.5 nm, as shown in Fig. 1 . Single layer graphene/graphane QDs were calculated using large supercells of 576 atoms where the corresponding lattice constants a ¼ 30.52 Å , b ¼ 26.42 Å , c ¼ 29.62 Å . Supercells of 360 atoms and 256 atoms were also used to study the effect of shell-thickness. We perform all-electron DFT calculations using the generalized gradient approximation 16 with the DMol 3 code. 17 The wave functions are expanded in terms of a double-numerical quality basis set with a real-space cutoff of 9 bohr. Reciprocal space k-point meshes of 1 Â 2 Â 1 mesh were employed. We allowed full atomic relaxation, where the forces on the atoms were less than 0.005 eV/Å .
Hydrogenation of graphene to form graphane 13, 14 changes the hybridization of carbon atoms from sp 2 to sp 3 , and from a semimetal (bandgap ¼ 0 eV) to an insulator (DFT: direct bandgap of 3.9 eV, compared to 3.7 eV in Ref. 13 ). The calculated lattice parameters of graphene and graphane are 2.47 Å and 2.52 Å , respectively. Embedding graphene islands into graphane matrix, or more preciously, removing H atoms from both sides of graphane lead to structural distortion mainly around the boundary regions, whereas the central C atoms tend to form flat graphene sheet.
In QDs, charge carriers are confined in all three spatial dimensions; and because of this, the energy spectra of electrons and holes can be considered discrete. This offers a wide range of effective band-gap (optical emission) tunability of both interband transitions and improved intersubband transitions. The total density of state (DOS) of the QDs are shown in Fig. 2(a) , where the quantization of the energy levels can be clearly seen. The bandgap values, defined as the energy difference between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) states, are shown in Table I 3.97 eV to 0.98 eV, well covering the visible light range 3.1 eV to 1.7 eV. This shows that such QDs could potentially be engineered for active visible light sources. As expected, in general, smaller QDs correspond to larger bandgap values due to a stronger quantum confinement effect. We note that the bandgap values also depend on the shape of the quantum dots; for instance, the smaller 42Hvac configuration has a smaller HOMO-LUMO separation (1.67 eV) than that of the 54Hvac (1.74 eV). Another feature is that for a given QD, the bandgap values slightly vary as a function of the shell thickness, namely, thicker shell produce smaller bandgap. Here there are two competing factors in affecting the bandgap: one is for an isolated dot, the thicker shell exhibits stronger confinement, and thus larger bandgap; the other factor lies in the interaction between the QDs as simulated here using periodic supercells. Our results suggest that the latter factor tends to decrease the bandgap. Overall, the shellthickness dependence of the bandgap in graphene/graphane QDs is much weaker than that of III-Nitride quantum well structures, 18, 19 and also of that for GQDs embedded in hexagonal BN, 20 indicating a strong confinement even using rather thin shells.
For possible QD-based laser applications, it is important to study the nature of the discrete states (confined or extended) and to determine the number of confined carrier orbitals. We have calculated the spatial distribution of the magnitude of the wave functions of the near-edge states for all the QDs. In Fig. 2(b) , we show such quantities for the HOMO and LUMO states for the QDs using the 576-atomsupercell. The same procedure was applied to other near-edge states to determine the nature of orbitals. For each orbital, we have considered the state degeneracy into account. In such a way we obtain the number of confined carrier (electron and hole) orbitals, which are listed in Table II . As the QD size increases, more carrier (both electron and hole) orbitals, are confined in the core region; consequently, the adjacent carrier level spacing/separation becomes smaller. All the QDs show strong confinement, except for the 6Hvac structure, in which only 2 hole-states are well confined in the core (graphene) region. For the first electron state (HOMO), there is substantial charge leakage to graphane matrix. So the 6Hvac dot can be regarded as the lower size limit of graphene/graphene core/shell QDs. While experimentally counting of confined carrier orbitals in QDs is not a straightforward task, our proposed theoretical approach is believed to be applicable to other quantum dots. For laser applications, the all-direction confinement in QDs results in superior lasing characteristics including lower threshold currents and improved temperature stability. 21, 22 The well-separated carrier levels, much larger than the thermal energy, (i.e., $24 meV for room temperature), indicate that these GQDs could potentially be used for high-performance laser applications.
The band alignment of graphene/graphane is a so-called type-I heterostructure, in which both electrons and holes are confined in the core region. We calculate the natural valence band offset (VBO) (Ref. 23 Table I . It can be seen that smaller QDs possess larger VBO values regardless of the supercell sizes; and for a given sized QD, separation (using larger supercell) tends to decrease this value. Since the bulk term is a constant for all the QDs, this variation originates purely from the interface term. Our results suggest that for smaller QDs, thus stronger confinement, lead to larger VBOs. In analogy to InN/GaN quantum well systems, 19 our results reveal a possible route for band alignment engineering by controlling the size of QDs.
Due to the intrinsic long coherence times, in combination with fast operating times, graphene-based QDs are envisioned as possible building blocks for future quantum information processors. 1 Devices that confine and process single electrons represent an important scaling limit of electronics, 24 such as single electron transistors (SETs) with high on-off ratios. The performance of SETs is based on the Coulomb blockade effect, 25 which is a manifestation of discrete carrier energy levels in QDs. To realize room-temperature operation, a well-separated carrier energy spectrum is indispensible. Based on our results, we argue that graphene/ graphane core/shell QDs are promising candidates in this regard. The size and shape of these structures, and therefore the number of electrons they contain, can be precisely controlled. Another appealing feature is that strong confinement can be obtained using a thin barrier which is desirable for efficient tunneling transport to facilitate SET operation.
We acknowledge the computing resources provided by the National Computational Infrastructure (Australia) and support from the Australian Research Council. Support from AMMRF node at the University of Sydney (ACMM) is gratefully acknowledged.
